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Ever since the phenomenon of global warming became evident, technologies 
for utilizing clean and renewable natural energy have been actively researched 
and developed as an approach to environmental and energy problems.  In 
that R&D, much attention in Japan is being put on solar power generation 
by photovoltaics (PV).  In the Action Plan for Achieving a Low-carbon 
Society approved by the Cabinet in 2008, a target was set for the scale 
of PV introduced in comparison to the 1.4 million kW of 2005 to be 
increased 10-fold by 2020 and 40-fold by 2030.  The following year, the 
targets were moved up in the Policy Package to Address Economic Crisis, 
with a policy set for an increase of about 20 times by 2020 to approx.  
28 million kW.  That target is equivalent more than 10% of the total 
generating capacity of Japan’s 10 power companies.  A variety of measures 
have been promoted in recent years as specific efforts to spur introduction of 
PV.  Those include setup of PV systems in areas such as housing, industry, and  
public facilities, development of innovative PV technologies to increase 
generating efficiency and reduce generating costs, and establishment of a 
feed-in tariff system.  In Japan, systems with capacities in scales of megawatts 
each—so-called “mega solar” facilities—have come to be built while PV 
had hitherto been introduced in a small scale distributed manner of a few 
kilowatts to tens of kilowatts. 

R&D for PV up to now has mostly been in the solar cells themselves, 
in other words in the area of devices, as typified by R&D for increasing 
generating efficiency.  The reason for R&D to be centered in that area lies 
in the drawback that large areas are needed to create significant volumes of 
electrical energy due to the low density of solar energy. 

Another drawback intrinsic of natural energy is that generation output 
fluctuates depending on meteorological conditions.  With introduction of a 
large volume of PV at the aforementioned scale, the effects of this drawback 
become quite large.  Those effects become large due to the decrease in quality 
of power and problems in protection and security becoming more severe.  
One reason for such issues is constantly fluctuating load. Another reason 
is uncertainty in the form ever-growing excess or lack of electrical power,  
which steadily increases in line with the increase in ratio of PV for which 
controlling output to the network is difficult.  So, unless electrical power 
created from natural energy can be transported with stability and economic 
rationality, its value as being environmentally friendly and renewable 
diminishes. 
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Next, there is the method of defining value from the 
standpoint of what power output ratio can be expected in 
relation to PV equipment capacity at maximum demand.  This 
is called kW-value.  If power can be generated with certainty 
to the maximum capacity of PV equipment at the maximum 
demand in the summer daytime, that can substitute system 
power supply of existing thermal power generation and the like, 
and kW-value (equipment substitution rate) can be said to be 
at 100%.  However, as previously mentioned, the drawback of 
output fluctuation intrinsic of natural energy makes the actual 
kW-value much smaller.  Up to now, kW-value has been assessed 
by a variety of methods including loss of load probability 
(LOLP), the L5 method, and the K90 method, but the results 
are greatly affected by the conditions and quality of the data set 
used in calculation.  For example, as the assumed amount of PV 
introduced increases (scope of PV systems set up broadens), the 
degree of fluctuation of output is smoothed.  The assessment of 
fluctuation also differs depending on the supposed data sampling 
time.  Accumulation of high-quality measurement data to start 
with is considered important for more accurate computation of 
kW-value in the future.  The PV output fluctuation when PV is 
introduced on a large scale is related to problems such as voltage 
increase in low voltage power lines and frequency regulation 
when balance of supply and demand is disrupted for a short 
period.  The kW-value can thus be said to be an index closely 
related to quality of power in the power network.

As we are rapidly approaching large-scale introduction of 
PV, the importance is quickly increasing for mobilization of 
controllable power sources and other equipment  connected to 
the electrical power network and in R&D for systems to balance 
the overall network system and achieve stability (Fig. 1).  This 
article will organize the various approaches to ways of measuring 
the value of PV, and then it will cover the current state and  
future outlook of system technologies to increase that value. 

Value of Photovoltaics2

Total electric power created in the life cycle of a generation 
system is one typical way of defining the value of PV.  This is  
so-called kWh-value.  While it leads to economic value such as 
purchased power reduction and revenue from selling electricity, 
it also can be expected to have effects leading to increased energy 
security as demonstrated by reduction of imported fuel when 
considering that commercial electric power depends mainly 
on fossil fuels.  If the typical value of 12% for PV availability 
is used, the PV system annual generated output is approx.  
1,000 kWh per 1 kW of installed capacity when considering  
24 hrs. × 365 days × 12% availability factor≒1,000 kWh/kW.   
The average annual power demand for a Japanese home is approx. 
4,200 kWh, so by installing a 3 kW PV system, it can be assumed 
to have a kWh-value to cover just over 70% of household energy 
consumption. 

Fig. 1  Power Network and Photovoltaics
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Finally, let’s look at the value of PV from a perspective of 
the effect in reducing CO2 emissions by substituting for fossil 
energy.  This can be called the environmental value of PV.  Life 
cycle assessment (LCA) is a typical method of assessing that.  
By tabulating energy applied in all processes from raw material 
extraction to manufacturing, transport, use, and disposal of 
the PV system, along with emitted CO2, the impact on the 
environment can be quantitatively assessed with LCA.  Specific 
indexes used include energy payback time (EPT) where the total 
of energy applied in the life cycle of a PV system is divided by 
annual amount of PV power generation and CO2 emission basic 
unit where all CO2 emitted in the life cycle of the PV system 
is divided by total electric energy generated in the service life 
measured in years.  A variety of reports have been made on the 
subject, but these values are greatly influenced by the presumed 
conditions such as assumed lifespan of the system to be assessed.  
Care must be taken such as referring to guidelines proposed by 
the International Energy Agency (IEA) and the like to compare 
under the same conditions. 

Value of PV can thus be mainly assessed in the aforementioned 
three ways, and improving those values is invaluable for 
promoting introduction of PV.  The role that must be played by 
system technologies will thus probably be even more important 
than ever.  For example, when aiming to reduce the CO2 

emission basic unit for environmental value, contributions by 
system technologies are essential to improve the total electric 
energy generated in the service life measured (equivalent to the 
denominator in the definitional equation).  Such technologies 
include, in addition to device technologies, those for lengthening 
the lifespan of elements such as inverters that compose the system 
and those for securing long-term reliability through accurate 
monitoring and diagnosis.  Improvement of total electric energy 
generated in the service life measured is, literally improvement 
of kWh-value.  

PV is essentially clean and renewable, and even though further 
improvement will be aimed for, environmental value and kWh-
value are recognized as being high (positive) values from the start.  
On the other hand, kW-value as a power source remains a low 
(negative) value due to instability of output from PV.  Improving 
that kW-value, therefore, can be considered to be an important 
issue in large-scale introduction of PV to the power network.  

Technologies for Coordinating with 
the Power Network in Photovoltaics3

Now I would like to focus on improving kW-value for PV and 
cover trends in system technologies related to that.  A typical 
example is technology for using storage batteries along with 
PV systems to control charging and discharging and stabilize 
output as an entire system.  Specifically, this is measuring online 

power flow trends at the points of interconnection with power 
networks and output fluctuation of PV itself, thus charging and 
discharging storage batteries in accordance with the purpose of 
control.

Lead acid storage batteries have up to now been the type most 
commonly used for storage batteries combined with PV systems.  
Examples of Lithium-ion batteries being applied, however, are  
on the rise with the increase in capacity for high energy density 
types of those batteries.  Lithium-ion batteries are either high-
energy types capable of storing a large amount of energy or 
high-input/output types capable of charging and discharging 
large currents.  The type used depends on the application.  For 
example, the later type is applicable for compensating short-term 
fluctuation of PV output.  

There are various reasons for giving controllability to PV by 
adding storage batteries, with a great many functions having 
been developed and put into operation.  Those reported include 
planned generation for mega solar facilities, maintaining quality 
of power (system stabilization) such as in voltage and frequency 
for power networks, leveling received power by cutting the load 
peak, uninterruptable power supply (UPS) functions including 
countermeasures against momentary power outages, self-
sustained operation in micro grids and the like, emergency power 
supply, and charging stations for electric vehicles.  

Meanwhile, technologies for predicting PV generation and 
technologies for demand activation have been brought up as  
new measures to further improve ability to regulate supply 
and demand for the system as a whole in addition to the 
aforementioned direct control with storage batteries.  Those 
technologies are for controlling various demand devices to an 
extent that does not inhibit comfort in homes, offices, and the  
like and securing ability to regulate demand based on information 
on predictions for PV generation output.  That makes them 
indirect technologies that relatively improve kW-value of PV. 

Technologies for predicting PV output can be classified by 
factors such as usage (time to be predicted, temporal/spatial 
resolution, frequency of update, etc.), input data used, and 
predictive data used, with which a variety of things can be studied.  
Major types of input data include measured meteorological data 
of single points and broad areas, most recent generation results 
data, satellite observation data, and grid point value (GPV, 
change over time of pressure, temperature, wind, etc. predicted 
by large-scale numerical analysis according to physical models) 
data from the Japan Meteorological Agency.  Diverse modeling 
methods are used such as physical models, regression models, 
and heuristic models, and R&D is being actively conducted to 
increase the accuracy of predictions. 

There are expectations for adding the future control based on 
PV output prediction data of loads where a certain amount of 



4 JR EAST Technical Review-No.23

Special feature article

time shift is permitted such as air conditioning and heat pump 
water heating systems in addition to storage battery device 
charging and discharging control.  That could result in achieving 
energy management technologies that are efficient and that 
coordinate to the maximum extent controllable systems that can 
be connected to the power network.

Outlook for the Future4

Rolling blackouts occurred even in the greater Tokyo area in 
the aftermath of the March 11, 2011 Tohoku Earthquake and 
Tsunami, reminding us of how electric energy is an important 
foundational element supporting modern society.  In light of 
that, debate has become active in what role PV should bear 
as a power infrastructure in normal times in addition to as an 
emergency power source.  Having PV bear such a role diversifies 
the selection of energies available, and it is an issue that involves 
Japan’s energy security.

As previously noted in this article, systems technologies to 
further increase the value of PV as a power source will become 
even more important to achieve introduction of PV in an 
amount able to fulfill a roll as power supply infrastructure, even 
if just in part.  In particular, development of optimum energy 
management technology to efficiently and smoothly operate PV 
systems and the existing power supply network while the systems 
and network share information is important. 

When this optimization problem is seen from the approaches 
of design variables, objective functions, and constraints, we 
see that this is an extremely difficult and complex problem 
containing many design variables and objective functions.  In 
other words, if PV becomes more of a highly public nature as 
infrastructure, it also needs to satisfy various assessment items 
(objective functions) such as quality of power, protection/
security, environmental friendliness, and economic efficiency.  
Tradeoffs between assessment items may also come about as the 
number of those assessment items increases.  With the current 
rapid switch to electric power in energy demand, many control 
elements (design variables) unseen before are being created 
such as vehicle to home (V2H) systems for electric vehicles in 
addition to information technologies being put into place such 
as smart meters for home loads.  Many of the problems that will 
come up when PV is introduced on a large scale are caused by 
such instability in output, and a single measure (change in design 
variables) may correct multiple issues (objective functions), making 
it difficult to identify the correlation between the measure and 
what is corrects.  Moreover, as we need to think in terms of spans 
of decades with infrastructure migration, we must also keep 
an eye on the infrastructure migration progress and search for 
optimum solutions that are more effective instead of debating in 

just a single section of time.
I believe that debate on appropriate constraints is especially 

important in finding solutions to such complex problems.  
Those constraints have aspects prescribed by the frameworks 
of social systems in addition to limitations imposed by physical 
phenomena such as quality of electrical power; in that sense, 
there is room to artificially change and adjust those constraints.  
Depending on how constraints are set, there will be a broader 
or narrower search space for solutions.  If factors such as pursuit 
of some unbounded conveniences or securing very localized 
advantages are included in limitations, we limit the search space 
to the extent that effective solutions cannot be found by any 
methods.

After our experiences of March 11, 2011, we are at a turning  
point as to whether or not we can construct solutions for problems 
in optimization related to environmental and energy.  And 
whether or not we can maintain and enhance the international 
competitiveness for resource-poor Japan into the future will be 
decided by our actions on that.
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